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Abstract 

The preparation of lightweight materials with electromagnetic interference-shielding effect- 
iveness higher than 30dB is critical for most industrial and consumer applications. 
Compounding polymer resin with conductive filler can generate excellent electromagnetic 
interference-shielding effectiveness but usually leads to a high-sample density, while the 
foaming of polymer composite suffers from the significant-reduced electromagnetic inter- 
ference-shielding effectiveness. In this study, polyetherimide composite foams with loading 
of 10-80 phr (parts per hundred of resins) nickel particles were fabricated to meet the gap. 
The polyetherimide/nickel composite foams possessed uniform cell structure and low- 
sample density such as 0.86 g/cm? at 70 phr nickel. The coupling effects of gravity settle- 
ment and cell-structure solidification led to the formation of gradient distribution of nickel 
particles across the foams. The formed novel structure facilitated the enhancement of 
multi-reflection and multi-scattering among nickel particles and cells. As a consequence, 
polyetherimide/nickel foam with 70 phr nickel (PEIN70) possessed a high-electromagnetic 
interference shielding effectiveness of 86.7—106.5 dB over a frequency range of 50-3000 
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MHz. When the sample density was considered, the specific electromagnetic interference 
shielding effectiveness of PEIN70 foam was as high as 121.3 dB/(g/cm?) at | GHz, which was 
higher than the reported electromagnetic interference-shielding materials. The excellent 
electromagnetic interference-shielding properties, lightweight, well-defined resin proper- 
ties ensure polyetherimide/nickel composite foams useful in many advanced applications. 


Keywords 
Polyimide, foam, electrical properties, magnetic properties, electromagnetic interfer- 
ence shielding 


Introduction 


Electromagnetic interference (EMI) shielding of radio frequency radiation continues 
to be a serious concern with extensive applications of sensitive electronic devices and 
densely packed system. The malfunction of electronics can be harmful for electrical 
equipments even for human health, as the electronics can be associated with strategic 
systems such as aircraft, nuclear reactors, and communication systems. EMI shielding 
is defined as the prevention of the propagation of electric and magnetic waves from 
one region to another by using conducting or magnetic materials. The shielding can be 
achieved by minimizing the signal passing through a system either by reflection or 
absorption of the wave.' Nowadays, the preparation of EMI-shielding materials has 
obtained an increased attention in the academic and industrial fields. 

Metals are by far the most common materials for EMI shielding due to their high- 
electrical conductivity. Polymer/metal composites are attractive for EMI shielding 
owing to their good moldability. Meanwhile, the dense structure of composites also 
facilitates to reducing the formation of seams that was commonly encountered in the 
case of metal sheets,* which eliminates the leakage of the radiation. Polymer/metal 
composites usually exhibit excellent EMI-shielding properties. For example, polyether- 
sulfone (PES)/nickel (Ni) filament composite with 7 vol% loading has an EM]I-shielding 
effectiveness (SE) of 87 dB at 1 GHz.° This value is much higher than those of polymer/ 
carbon-based composites such as 46dB at 1 GHz for composite with 20 vol% carbon 
fibers,* 60 dB at 1 GHz for composite with 50 wt% carbon nanotube,’ 47 dB at 1 GHz 
for composites with carbon nanotube coated with a conducting polymer,° and 18 dB at 
1-8 GHz for composite with 5wt% graphene.’ However, one demerit of metals and 
polymer/metal composites is their high density.**° Therefore, it is desirable to fabricate 
lightweight polymer/metal composites for the applications of EMI shielding. 

Foaming is the most effective approach to reduce the weight of samples for EMI 
shielding, which is essential in some applications such as aircraft and telecommu- 
nication technologies.'° Yang et al.'°'! were the first to report on such systems 
based on polystyrene (PS) foams filled with carbon nanofibers and carbon nano- 
tubes. After that, many researchers reported their investigations on the EMI shield- 
ing of polymer composites foams, and the carbon-based materials such as carbon 
black,'* carbon fiber,'*'° carbon nanotube,’ '? and graphene”??? were often 
selected as the conductive fillers. These studies demonstrate that even if the 
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conductive fillers are diluted in volume due to the foaming, the local concentration 
of fillers within the cell walls of the foams is comparable with that of the unfoamed 
counterpart.*!** Even in some situation, the local concentration of fillers in foams 
is higher than that of the latter because of the improved dispersion of fillers during 
the foaming,”®”’ resulting in increased specific EMI SE.” On the other hand, the 
presence of air inside the materials decreases the permittivity of real parts, while it 
is also benefit for improving the EMI shielding of materials. 

Currently, the used polymer resin of composite foams for EMI shielding is the 
general plastics such as PS,'”'' polycaprolactone,'® polypropylene (PP), "> and 
poly(methyl methacrylate).?! The general properties of these polymers, i.e. low heat- 
resistance, poor flame-retardant properties, and high-smoke generation, restrict their 
use as the EM]-shielding materials in aerospace and other special fields. Polyetherimide 
(PEI) is a kind of high-performance polymer with a high T, of 215°C, excellent flame 
retardancy, radiation resistance, and outstanding mechanical properties, which could 
meet the stringent requirements for specialized applications. However, the high-melt 
processing temperature of about 340—-360°C, high stiffness of polymer matrix, and 
extremely long gas-saturation time hinder the fabrication of lightweight PEI composite 
foams,”* *° especially at high-filler content. 

In our previous study, the water vapor-induced phase separation (WVIPS) process 
had been used to prepare PEI/graphene nanocomposite foams.”*” The obtained PEI/ 
graphene foam with 10 wt% graphene loading had a density of 0.29 g/cm? and the 
EMI SE of 10-12 dB at 8-12 GHz. This data is much less than the acceptable value, 
i.e. 30dB, for most industrial and consumer applications. The main target of this 
study is to fabricate lightweight PEI composite foams with the EMI SE higher than 
30 dB. Ni particles with superior oxidation resistance were selected as the conductive 
filler, and the WVIPS method was used to fabricate PEI/Ni composite foams. The 
gradient distribution of Ni particles was generated at the cross section of foams due to 
the coupling effects of cell-structure solidification and gravity settlement of Ni par- 
ticles. The influences of gradient distribution of Ni particles on the electrical conduct- 
ivity and EMI shielding properties of PEI/Ni composite foams were investigated. It 
was found that the EMI SE of PEI/Ni foam with the density of 0.86 g/cm? was about 
103dB at 1 GHz, which is much higher than the EMI SE value of the reported 
polymer composites with the density higher than 1.00 g/cm°. The excellent EMI- 
shielding properties, lightweight, and well-defined resin properties ensure PEI/Ni com- 
posite foams’ potential use in many advanced fields. 


Experimental 
Materials 


PEI (Ultem1000) was obtained from General Electrical Company, which is trans- 
parent amber-colored particle with a density of 1.28 g/cm*,and the glass transition 
temperature (T) is 215°C. Raw commercial Ni powder was purchased from 
Zhongnuo Advanced Material Technology Co. Ltd, China, with the particle size 
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of 1-3 um, purity of 98%, and density of 8.90 g/em?. N,N-Dimethyl formamide 
(DMF) was supplied by Sinopharm Chemical Reagent (China) and used as received. 


Preparation of microcellular PEI/Ni composites foams 


A WVIPS process was carried out to prepare microcellular PEI/Ni composites 
foams.” PEI and Ni were solution blended with vigorous stirring for 5h at 100°C 
using DMF as the solvent. The resultant dispersion of PEI/Ni/DMF was poured on a 
glass plate and then exposed in air with a humidity of 75% and temperature of 25°C. 
The obtained foam sheets were immersed in cold water to remove the residual DMF 
and then were dried at 180°C for 36h to remove the residual water and DMF. A series 
of PEI/Ni composites foams with Ni content of 10, 20, 30, 40, 50, 60, 70, and 80 phr 
(parts per hundred of resins) obtained were hereafter coded as PEIN10, PEIN20, 
PEIN30, PEIN40, PEINS0, PEIN60, PEIN70, and PEIN80 foams, respectively. 


Characterizations 


The densities of microcellular PEI/Ni foams (ps) were measured via the water- 
displacement method in accordance with ASTM D792. 

The cell morphology and the dispersion of Ni were observed by using Hitachi 
TM-1000 scanning electric microscope (SEM). The samples were freeze-fractured 
in liquid nitrogen and sputter-coated with platinum for 90s. 

The surface electrical conductivity of the moderately conductive samples 
(>1 x 107° S/cm) was measured using Solartron 1287 electrochemical workstation 
(Advanced Measurement Technology Inc. USA). The samples with conductivity 
lower than 1 x 1078 S/cm were measured with three-terminal fixture on an EST121 
ultrahigh resistance and micro current meter (Beijing EST Science & Technology Co. 
Ltd.) according to ASTM D257. Circular plates with a diameter of 7 cm were cut for 
conductivity measurement, and the sputter-coating treatment was carried out to 
reduce the contact resistance between the electrodes and the sample. 

Magnetic characterizations of microcellular PEIN composites foams were performed 
using physical property measurement system (PPMS) by Quantum Design at 25°C. 

The EMI SE of microcellular PEI/Ni composite foams at the frequency of 50 MHz- 
1.5GHz was studied by applying a DR-S02 coaxial SE test instrument (Beijing 
Dingrong Science & Technology Co. Ltd.) according to ASTM D4935-2010. The test 
data were extended to 3 GHz by a NA7300 vector network analyzer (Tianjin Deviser 
Electronics Instrument Co. Ltd.). The thickness of specimens was about 1.8 mm. 


Results and discussion 
Preparation and characterizations of PEIN composite foams 


A WVIPS process was used to prepare PEIN composite foam. The typical optical 
micrographs of PEIN70 composite foam with 70 phr Ni are indicated in Figure I (a). 


-O- Density 
A- Expansion ratio 
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Density (gicm’) 


30 40 60 60 
Nickel content (wt%) 


Figure |. Photograph (a), density (b), expansion ratio (b), and SEM micrographs (c) of PEIN 
composite foams, and SEM micrographs illustrating the dispersion of Ni particles in PEIN50 


foam (d). 


The thickness of foam sheet was 1.8mm, and it was quite flexible under bending. 
Figure 1(b) summarizes the densities and expansion ratio of PEIN composite foams 
as a function of Ni content. PEI foam had a density of 0.28 g/cm? and expansion 
ratio of 4.6. With the introduction of Ni particles, however, the density of PEIN 
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composite foams increased gradually up to 0.32 g/cm? for PEIN10 foam, 0.35 g/cm? 
for PEIN20 foam, 0.39 g/em? for PEIN30 foam, 0.45 g/cm? for PEIN40 foam, 0.53 g/ 
cm? for PEINSO foam, and 0.62g/cm? for PEIN60 foam, respectively; while no 
obvious change in expansion ratio, i.e. 4.3, was observed. This phenomenon sug- 
gested that the introduction of Ni particles did not affect the foaming behavior of 
PEI obviously, and the increased density of PEIN composite foams was only attrib- 
uted to the increased concentration of Ni particle. As mentioned above, Ni particle 
has a much higher density in relative to PEI resin, i.e. 8.90 vs 1.28 g/em*. At higher 
Ni content, the as-prepared PEIN composite foams exhibited the increased density 
and the decreased expansion ratio, which indicated that a high loading of Ni might 
spoil the cell structure of PEIN composite foam. 

Figure l(c) shows the SEM micrographs of PEIN composite foams. PEI foam 
presented the polygonal-cell structure with the size of 42.5 um and uniform cell- 
structure distribution. With the addition of Ni particles, the well-defined cell struc- 
ture was kept in PEIN composite foams but its cell size tended to increase slightly. 
In addition, the Ni particles were located on the cell walls, and its concentration 
among the cells increased gradually with the Ni content. At higher Ni loading of 
70 phr, the Ni particles covered up the cell structure, and the obvious cell-coales- 
cence phenomenon occurred as pointed by the red arrows. 

SEM micrographs with higher magnifications were used to figure out the dis- 
persion of Ni particles among the cells and the compatibility of Ni particles with 
PEI matrix. As indicated in Figure 1(d), the Ni particles were dispersed both on the 
cell walls and the cell struts. At higher SEM magnification, it seems that most of the 
Ni particles were not exposed in air but was covered by the polymer film. 
Moreover, the Ni particles with the size of 1-3 um were dispersed among the 
cells separately. 

The used Ni particles in this study were not modified, and the inert surface of Ni 
particles cannot offer any chemical interaction with the PEI matrix. Therefore, the 
foaming process might be the reason for the improved dispersion of Ni particles 
even at high loading.” It is well accepted that the cell nucleation prefers to take 
place at polymer/filler interfaces owing to the reduced energy barrier for heteroge- 
neous nucleation in relative to homogeneous nucleation.*’ With the diffusion 
of water vapor into dispersion and the diffusion of DMF into air, the phase 
separation occurred and the nuclei took place.** The cell-growth process is 
an extensional flow of polymer solution in nature.** Our previous study verified 
that the in situ-formed strain rate was as high as 20-130s~' during the cell 
growth.** This strong-stretching action tended to push the surrounded dispersion, 
and the generated force was then transferred from matrix onto Ni particles, 
which process improved the dispersion of Ni particles and enriched the Ni par- 
ticles on cell walls. The improved dispersion of nanoparticles in polymer 
matrix due to foaming had been observed in PC/silica and PP/silica-foaming sys- 
tems.*°?’ More interestingly, we found that the foaming process facilitated the 
orientation of graphene nanosheets around cell wall in PEI/graphene-foaming 
system.” 
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Gradient distribution of Ni particles in PEIN composite foams 


Compared to PEI/DMF solution, the Ni particle has higher density. During the 
foaming process, the Ni particles tended to precipitate under the action of gravity. 
Considering the precipitation process of Ni particles was accompanying with the 
solidification of cell structure, the Ni particles might present a vertical gradient dis- 
tribution in the foams. The dispersion of Ni particles was investigated by SEM micro- 
graphs of the whole cross section of PEIN60 foam. As indicated in Figure 2(a), the Ni 
particles were dispersed in the cells. It seems that the concentration of Ni particle at 
the top of cells was lower than that at the bottom of cells. The representative SEM 
micrographs of the upper and lower surfaces of PEIN60 foam are presented in Figure 
2(b) and (c), respectively, with the aim to further demonstrate the formation of gra- 
dient distribution. It is seen that a small amount of Ni particles aggregates was ran- 
domly dispersed on the upper surface of PEIN60 foam. In the case of the lower 
surface, however, most of matrix was covered by the Ni particles. These results 
verified that the coupling effects of cell-structure solidification and gravity settlement 
allowed the formation of the gradient distribution of Ni particles in the foams. 

In addition to the gradient distribution of Ni particles, the cell-structure size also 
exhibited a gradient distribution in the cross-section of the foam. As indicated in 
Figure 2(a), the smaller cell size and higher cell density were observed near the 
upper surface while the larger cell size and lower cell density were seen near the 
lower surface. In the foaming process of PEIN solution, the cell nucleation and 
growth processes were along with the phase-separation process. The cell-growth 
rate was determined by the double-diffusion rates of DMF and water vapor. The 
upper surface of PEIN solution was contact with air, a shorter cell growth time was 
needed and thus led to the formation of smaller cell size.” Compared to the upper 
surface, a longer double-diffusion time or cell growth time was required for the 
lower surface of solution, because the water vapor took a longer time to diffuse into 
the bottom of PEIN solution, resulting in the formation of larger cell size. 


Surface conductivity and magnetic properties of PEIN composite foams 


It is well accepted that the dielectric and magnetic losses are the main mechanism to 
determine the EMI SE of materials. The electrical conductivity and magnetic prop- 
erties of PEIN composite foams were investigated, and the results are shown in 
Figure 3(a) and (b), respectively. As indicated in Figure 3(a), PEI foam was one 
kind of electric-insulating material with a surface electrical conductivity of 
~2.95 x 107'*s/em. With the addition of Ni particles, the obtained PEIN compos- 
ite foams exhibited an increased electrical conductivity but with the different ten- 
dency at their upper and lower surfaces, resulting from the gradient distribution of 
Ni particles across the foams. For the upper surface, the electrical conductivity of 
foams increased slightly up to 6.19 x 107'*S/cm at the Ni content of 40 phr. For 
the lower surface, however, the electrical conductivity of foams reached 
2.25 x 10-°S/em at the Ni content of 20 phr. At higher Ni loading, the electrical 
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Figure 2. The vertical-gradient distribution of Ni particles along the cross section of PEIN60 
composite foam. 


conductivity of the two surfaces increased gradually to the equilibrium value of 
about 1.32 x 107? and 1.98 x 107° S/cm, respectively. It is seen that the upper and 
lower surfaces presented the large difference in the electrical conductivity of seven 
to nine orders of magnitude at the Ni content of 20-40 wt%, and this difference 
significantly reduced at higher Ni loading. These results further verified the forma- 
tion of gradient distribution of Ni particles across the foam. 
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Figure 3. The surface electrical conductivity of the upper and lower surfaces of PEIN composite 
foams as a function of Ni content (a) and magnetization curves of PEIN composite foams (b). 


The magnetic properties of the as-prepared PEIN composite foams were measured 
by VSM, and the magnetic hysteresis curve of samples was plotted in Figure 3(b). It is 
seen that PEIN composite foams were ferromagnetic, and the magnetization could 
saturate at the magnetic field of about 5.0 kOe. PEIN10 foam had a saturation 
magnetization (M,) of 5.06emu/g. The increase in Ni loading tended to linearly 
increase the M,. As for PEIN80 foam, its M, was about 42.45 emu/g. 


The EMI SE of microcellular PEIN composite foams 


The EMI SE of PEIN composite foams with the thickness of 1.8 mm was measured at 
50-3000 MHz. As shown in Figure 4(a), the EMI SE of all the foams exhibited weak 
frequency dependency in the measured frequency region. The EMI SE of PEIN10 
foam was 18.0-25.7 dB over a frequency range of 50-3000 MHz. With the increase of 
Ni content, the EMI SE of PEIN foams increased gradually up to 36.8-41.2 dB for 
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Figure 4. The EMI SE of PEIN composite foams as 50-3000 Hz (A). Comparison of specific 
EMI SE of our data with other reported results: (a) obtained from Luo et al.;?” (b) obtained 
from Shui and Chuang;? (c) in this study; (d) obtained from Fletcher et al.;'” (e) obtained from 
Jou et al.;° and (f) obtained from Yan et al.?° (B). The schematic description of the effects of 
gradient structure on the incident microwaves (C). 


PEIN30 foam, 44.7-50.2 dB for PEIN50 foam, 64.0-82.4dB for PEIN60 foam, and 
86.7-106.5 dB for PEIN70 foam, respectively. These results indicated that the EMI SE 
of the foams increased with the increase in Ni content. 

The lightweight design for EMI-shielding materials is essential in some applications 
such as aircraft and telecommunication technologies. The specific EMI SE, which 
represents the material-utilizing efficiency, was calculated on the basis of the rate of 
total EMI SE and the sample density.” As shown in Figure 4(b), the specific EMI SE 
of PEIN foams at 1 GHz was about 59.3 dB/(g/cm*) for PEIN10 foam. With further 
increase in the Ni content, the specific of samples reached 86.9 dB/(g/cm°) for PEIN30 
foam and 96.3 dB/(g/cm*) for PEINSO foam. At the Ni particle loading of 60 wt%, the 
maximum specific EMI SE of 133.2dB/(g/cm*) was obtained in PEIN60 foam. At 
higher Ni content, the specific EMI SE of PEIN70 foam decreased slightly to 
121.3 dB/(g/cm*). This suggested that too much Ni particles loading might decrease 
the specific EMI SE of PEIN foams, due to the formation of poor cell structure as 
shown in Figure 2. 
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Table |. The thickness of samples indicated in references. 


References a b c d e f 
32 3 This study 17 5 20 
Thickness of sample (mm) 3.1 2.8 1.8 25 1.0 1.8 


Figure 4(b) summarizes the comparative data of the specific EMI SE of this work 
with other studies, and Table 1 shows the thickness of samples mentioned in refer- 
ences. As reported, PES/Ni filament composite with 7 vol% (34wt%) loading had a 
high-EMI SE of 87dB at 1 GHz.* This value was much higher 45.6dB at 1 GHz of 
PEIN30 foam with 30 phr Ni particle loading in this study. It is believed that the 
volume expansion and the shorter aspect ratio of Ni particles in relative to Ni filament 
were the possible reason behind the phenomenon. When the sample density was 
carried in, however, the specific SE of PEIN30 foam was about 86.9dB/(g/cm*) 
while that of PES/Ni filament was only about 48.1 dB/(g/cm). The use of carbon- 
based materials for EMI shielding is very popular because of their low density. A 
high-EMI SE value of 60 dB at 1 GHz was obtained by Jou et al.° in LCP nanocom- 
posites with loading of 40 wt% nanotube. A similar data were achieved at PEIN60 
foam in this study. As the value of the EMI SE was divided by the sample density, 
however, the specific EMI SE of the former was much lower than that of the later, i.e. 
~46.0 vs 133.2 dB/(g/cm?). The EMI SE of flexible graphite, made by the compression 
of exfoliated graphite in the absence of a binder, reaches 130dB at 1 GHz, which is 
higher than or comparable to all the reported EMI-shielding materials.’ The density 
of flexible graphite is 1.1 g/cm*, and the calculated specific EMI SE is about 118.1 dB/ 
(g/cm). This value was lower than 133.2 dB/(g/em*) for PEIN60 foam and 121.3 dB/ 
(g/cm*) for PEIN70 foam, because the PEIN foams had much lower density than the 
flexible graphite, i.e. 0.62 and 0.86 vs 1.1 g/em*. These results fully demonstrated that 
the foaming process was very efficient in preparing PEIN composite foams with 
lightweight and excellent EMI-shielding properties. 

In general, the EMI SE of material (SE,ota1) includes the contribution of absorp- 
tion (SEa), reflection (SE), and multiple internal reflections (SEm). Table 2 sum- 
marizes the influences of foaming on the specific EMI SE of PEIN and the SE,/ 
SEtota- It is seen that PEIN composites and PEIN composites foams presented the 
similar specific EMI SE, and the reflection was the main mechanism for EMI 
shielding. Furthermore, it is interesting to find that the SEa/SE;ot4; of PEIN com- 
posites increased from 0% up to 20.2—25.1%. This indicated that the presence of 
cellular structures enhanced the absorption of the electromagnetic waves. 

The complex structure design has been used to improve the shielding perform- 
ances of materials. Foaming is one important strategy for structure design. Besides 
the weight reduction, foaming can supply a large amount of well-dispersed air in 
polymer matrix, which decreases the permittivity of real parts and, thereafter, 
decreases the microwave reflectivity at the material surface. The generation of 
multilayered structure is another strategy to further improve the EMI-shielding 
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Table 2. The specific SE,ota1 and the SEa/SE,ora1 of PEIN composites before and after foaming. 


PEINIO PEIN30 PEIN50 PEIN60 PEIN70 
Concentration 
Phr 10 30 50 60 70 
wt% 9.1 23.1 33.3 37.5 41.2 
The specific SE,otai 64.0 dB/ 84.1 dB/ 92.7 dB/ 127.5 dB/ 119.2 dB/ 
of composites (g/cm?) (g/cm?) (g/cm?) (g/cm?) (g/cm?) 
The specific SE,otai of 59.3 dB/ 86.9 dB/ 96.3 dB/ 133.2 dB/ 121.3 dB/ 
composites foams (g/cm?) (g/cm?) (g/cm?) (g/cm?) (g/cm?) 
SEa/SEorai for ~0% ~0% ~0% ~0% ~0% 
composites 
SE4/SE;otai for ~25.1% ~20.9% ~22.1% ~21.8% ~20.2% 


composites foams 


properties of materials.’ The multi-reflection formed among layers facilitates the 
dissipation.*’ These multilayered structures could reduce the skin effect and 
enhance the absorption properties materials by the multi-refection and multi-scat- 
tering. It seems that the prepared PEIN foam in this study included the two 
strategies. As indicated in Figure 4(c), the gradient concentration of Ni particles 
across cell walls provided a multilayered structure, which tended to enhance the 
absorption of electromagnetic wave as indicated in Table 2. 


Conclusions 


In this study, the WVIPS process was carried out to fabricate PEI/Ni composite 
foams. The pure PEI foam exhibited uniform-cell distribution and high-expansion 
ratio of 4.6. The addition of Ni particles increased the cell size of PEIN foam 
slightly. On the other hand, the presence of Ni particles increased the foam density 
gradually but did not change the expansion ratio of PEIN foams. At higher Ni 
contents of 70 and 80 phr, PEIN foams showed the reduced expansion ratio due to 
the occurrence of cell coalescence. Ni particles have a much higher density than 
that of PEI solution, which lead to the precipitation of Ni particles under gravity 
during the solidification process of cell structure. The coupling effects of gravity 
settlement and cell-structure solidification induced the formation of gradient dis- 
tribution of Ni particles across the foams. The presence of gradient distribution of 
Ni particles enhanced the multi-refection and multi-scattering, which endowed with 
PEIN composite foams with excellent-specific EMI SE. 
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